Abstract-In this paper, we collect and summarize a variety of thermophysical properties of liquid tin, a prospective plasma-facing material in fusion reactors. These include the thermodynamic properties such as density, specific heat, sound speed, and vapor pressure; transport properties such as thermal conductivity, viscosity, and surface tension; and hydrogen isotope solubility and diffusivity. The thermodynamic property data are used to fit an equation of state that accurately reproduces these, which has been implemented in MELCOR for fusion in order to model systems employing liquid tin plasma facing components and coolant loops. Few data on hydrogen solubility could be found, and these differ by some orders of magnitude; diffusivity appears not to have been measured precisely; and, for subsequent analyses, theoretical estimates will have to be relied upon.
O
NE of the engineering challenges of magnetic confinement fusion is to handle the high particle and heat fluxes incident on the divertor. Solid plasma facing materials must withstand these difficult conditions with a minimum of erosion, melting, and cracking. Liquid metals like plasma facing materials potentially alleviate all of these concerns and are, therefore, being actively investigated for that purpose.
With an eye toward assessing the impacts of different liquid metal plasma facing components (PFCs) beyond the plasma-material interface (i.e., on the tokamak and ancillary systems as a whole), some additions must be made to codes, such as MELCOR for fusion, which are used to perform thermal hydraulic and safety analyses of such systems. MEL-COR was originally developed to model the progression of light water reactor accidents and is, therefore, fundamentally a multiphase fluid code. It was subsequently modified to model other fluids, including liquid metals relevant to fusion such as Li and PbLi, by replacing the original multiphase water properties with those derived from a suitable equation of state (EOS); this allows for specification of the full range of multiphase and saturated properties even where they may not be known, i.e., for the vapor phase. Lithium is a primary candidate liquid metal PFC, and past interest in lithium as a tritium breeding material has resulted in comprehensive physical property summaries, and the development of an equation of state subsequently implemented in both RELAP5 and MELCOR for fusion. Tin is an interesting alternative; although it has a higher atomic number (Z = 50), it has a suitably low melting temperature (232 • C) and low vapor pressure, and lacks the high chemical reactivity and high tritium solubility of lithium.
The available measured thermophysical properties of liquid tin, including density, specific heat, sound speed, vapor pressure, thermal conductivity, viscosity, surface tension, and hydrogen isotope solubility and diffusivity, are summarized in this paper. The thermodynamic property data (density, specific heat, sound speed, and vapor pressure) are then used to develop an EOS for liquid tin that accurately reproduces these properties throughout the temperature range in which they have been measured, while simultaneously closely approximating the vapor pressure up to the normal boiling point. This equation has been implemented in MELCOR along with correlations for the transport properties. The transport properties of tritium are also important for the conduction of safety analyses, and tritium transport models have recently been implemented in MELCOR for fusion [1] . The available data on the solubility and diffusivity of hydrogen in liquid tin that might be used to conduct such analyses are summarized in Section IV-D.
II. THERMODYNAMIC PROPERTIES

A. Density
Many density measurements have been made in liquid tin. These have recently been critically reviewed by Assael et al. [2] for the purpose of establishing a reference correlation, taking into account the methods employed and the uncertainty in the data obtained. The recommended correlation, applicable over the temperature range of 506-1950 K, is
where T m = 505.08 K is the melt temperature, ρ m = 6979 kg m −3 is the density at melt, and c = 0.652 kg m −3 K −1 . We use these reference values in fitting our EOS.
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B. Specific Heat and Vapor Pressure
Specific heat data and vapor pressure data were collected and summarized by Hultgren et al. [3] , who provided tabular reference values based on these. The collection was revised and expanded a decade later [4] . Those values have subsequently been adopted in other reference texts [5] , [6] that additionally provide reference correlations. We use the ones given in [5] , namely,
(2)
C. Sound Speed
There seems not to be a universally agreed upon correlation for sound speed as a function of temperature in liquid tin. Several texts summarizing sound speed data in liquid metals [7] - [9] provide multiple correlations from different sources (though not all the same ones) without making any explicit recommendation as to which should be used. We have, therefore, collected here all the data that could be obtained [10] - [19] , which are plotted in Fig. 1 ; where individual data points were reported, these are plotted. Where only a correlation has been reported, this is shown with a line spanning the temperature range in which the data were said to be taken. It can be seen that the values reported by Kleppa [10] and Berthou and Tougas [16] are well below the range of all others; Filippov's data are also lower throughout the lower temperature range and exhibit more scatter than the other data sets. The remaining values fall within a much smaller range. Turner et al.'s [17] correlation is intermediate among these, and matches well most of the low temperature data near the melting point [11] - [13] , [18] and also the higher temperature data that are available [15] , [19] . For these reasons, we adopt it as a reference. It is given by
III. EQUATION OF STATE
A. General Form
We choose, as the general form of our EOS, a Helmholtz potential of the type widely used in the formulation of reference equations of state and discussed extensively in [20] 
Here, a, ρ, and T have units of J/kg, kg/m 3 , and K, respectively, and we alternate the use of density ρ and specific volume v = 1/ρ as convenient throughout. Density and temperature are typically normalized with respect to critical point values; the critical point for tin seems not to be precisely known and is far outside the range of applicability of the present equation (and practical thermal hydraulic analyses more generally), instead we use the values at the melting point, T m = 505.08 K and ρ m = 6979 kg/m 3 [2] . R s is the specific gas constant (70.04 J/kg·K for Sn), and the constants u 0 and s 0 are so named because they serve only to fix the reference energy and entropy, respectively; they vanish in the expressions for pressure and all second-order derivatives.
B. Fitting the EOS
The advantage of defining an EOS in terms of the Helmholtz free energy is that all other thermodynamic properties can be simply derived from it. The pressure and (specific) entropy are defined by the derivatives with respect to v and T (respectively), namely,
In order to fit the EOS, we make use of the reference correlations for density, specific heat, and sound speed outlined previously. ρ(T ) data can be compared to those obtained from the EOS by solving (6) for density at the appointed temperature and pressure (e.g., atmospheric); specific heat (c P ) and sound speed (w) are computed using these densities and the second derivatives of the Helmholtz free energy (functions of v or ρ and T ) using the usual thermodynamic manipulations [21] , [22] 
In addition, we can make use of saturation pressure data in fitting the EOS, and matching these becomes more important for PFC applications where one wishes to evaluate transients where significant vaporization might occur, and where evaporation rates govern the mobilization of activation products. The saturation conditions are obtained from the EOS based on the fact that the coexisting phases are in thermal, mechanical, and chemical equilibrium, i.e., that they have the same temperature, pressure, and Gibbs free energy. Mathematically, P sat , v , and v v are obtained by solving, for a given T sat , as follows:
In order to fit the EOS, we define an objective function that is the sum of squares of the differences between a set of values obtained from the reference correlations and those calculated from the EOS, and we minimize it by adjusting the parameters using the nonlinear minimization package in R [23] 
Here, y includes all data types, i.e., density, specific heat, sound speed, and vapor pressure. Relative differences are used (i.e., each difference is normalized to the measured value) to account for the different magnitudes of the properties. An additional factor W allows for weighting of different data sets based on their uncertainty, but because of the above-mentioned normalization and the fact that we compare to reference values instead of actual data points, it is set to unity in the present analysis.
Obtaining a good solution from the optimization is nontrivial because of the necessary inclusion of root finding and equation solving routines within the objective function. The density, specific heat, and sound speed data described previously rarely report a pressure explicitly; they are given as functions of temperature only. We assume the pressure is atmospheric; then, evaluating the density from the EOS involves finding the three densities that give a pressure equal to 101 325 Pa at the specified temperature [finding the three roots of (6)], and selecting the highest of these, the one that corresponds to the liquid density. The same root finding is required to find the density needed for calculating c p (v, T ) and w(v, T ). This problem is particularly acute for the vapor pressure; in this case, evaluating P sat from the EOS for a given T sat requires solving (10)-(12) for P sat , v , and v v . Large changes in the fit parameters during optimization tend to prevent this solution from converging, and therefore good initial values of the parameter set are required.
For fluids on which large amounts of data are available, e.g., in both liquid and vapor phases and over a very large range of temperatures, development of accurate reference equations of state based on forms such as (5) typically requires a large number of terms-from ∼20 to as many as 60 or 70. These are selected from larger banks of hundreds of terms possessing different exponents on temperature and density, using algorithms described in [20] . Given the comparatively narrow temperature range in which we need to match liquid tin data, only a few such terms are needed, and we take a three-term EOS for PbLi previously implemented in MELCOR as a starting point. The exponents on temperature and density are themselves adjusted during optimization, and trial terms are added and also adjusted until an accurate match to all the reference correlations is achieved. Such a fit is achieved for liquid tin with six terms, two of which are density-independent and one of which is an exponential term. The fit parameters are summarized in Table I, 
IV. TRANSPORT AND OTHER PROPERTIES
Other liquid metal transport properties (i.e., thermal conductivity, viscosity, and surface tension) are implemented in MELCOR directly as correlations. We, therefore, need only to select the most suitable of these.
A. Thermal Conductivity
A comparison of 15 thermal conductivity data sets has been presented recently by Savchenko et al. [24] , who performed one set of those experiments. All but two of these fall between 30 and 35 W/m·K at 600 K, and most of these are closer to ∼32 W/m·K; however, the trend with temperature appears rather uncertain, and few of these data extend beyond 1000 K. At 1200 K, the bounds are given on the low end by [25] , who indicate no change from ∼32 W/m·K over the 600-1200 K range (with 8% uncertainty), and on the high end by Savchenko, who report the correlation and λ = 48.31 W/m·K at 1200 K (with 3.5% uncertainty). In this temperature range, there is almost no additional data that might recommend higher versus lower values, and hence this correlation has been implemented in MELCOR.
B. Surface Tension
Surface tension data have recently been summarized by Novakovic et al. [26] , who in the course of measuring this property in Au-Sn alloys also collected and compared 15 data sets on pure tin. These center around 0.56 N/m near the melting point and are spread throughout the range 0.54-0.58 N/m there, and decrease linearly with temperature to a mean of around 0.54 N/m with a similar spread at 500 • C. The correlation of Kasama et al. [27] was selected for implementation in MELCOR as it falls in the center of the range of data (both in magnitude and slope). It is given by
C. Viscosity
Viscosity data have been reviewed alongside density data by Assael et al. [2] , applying the same level of rigor in evaluating the data based on the methods employed and uncertainties reported. The reference correlation given is
applicable over the temperature range 506-1280 K. This correlation has been implemented in MELCOR.
D. Tritium Solubility and Diffusivity
There are few measured data on the solubility of hydrogen or its isotopes in liquid tin. The earliest are by Iwasé [28] , which are the values reported in [29] and subsequently adopted in fusion texts (e.g., [30] , [31] ). These data were regarded as erroneously high by Bever and Floe [32] who measured much lower values. They also found inadequate measurements of Bircumshaw [33] , in which equilibrium apparently had not been reached. These data are all shown in Fig. 6 . In all cases Sieverts' constant can be described by the Arrhenius law
and fit parameters for each data set are given in Table II . We could identify only one attempt to measure diffusivity of hydrogen in liquid tin [34] , but only a range of values was given in that work. The data were thought unreliable in part because the diffusion coefficient decreased with increasing temperature; the authors rightly found that trend suspect. The method relied on knowledge of the solubility, for which they had used a correlation based on the data of Bever and Floe. Communications between the authors revealed that the solubility data probably had a much larger uncertainty than previously realized; as a result, a precise estimate of the diffusion coefficient could not be made by Sacris.
More recently an as-yet unpublished ab initio estimate of the diffusion coefficient has been made by Liu et al. [35] using molecular dynamics. Care was taken to show that the method reasonably reproduced experimentally determined diffusion coefficients in lithium. The estimated correlation for D 2 in liquid tin was
This is rather lower than the approximate range of values given by Sacris, as shown in Fig. 7 .
V. CONCLUSION
A wide variety of thermophysical property data for liquid tin have been summarized herein. Density and viscosity data have recently been critically reviewed for the purpose of establishing reference correlations, and we adopt these for use in MELCOR, either via direct implementation or use in developing an EOS. Specific heat and vapor pressure data have given rise to standard reference values and correlations at earlier times, and we adopt these in developing an equation of state as well.
Sound speed, surface tension, and thermal conductivity have all been measured numerous times in the past, and papers comparing many data sets for surface tension and thermal conductivity have been published in recent years. Sound speed data appear in many different sources, but these have been compiled and compared herein. We select reference correlations for sound speed and surface tension that fall within the center of the range of measured values, discounting outliers in a few cases. The thermal conductivity data exhibit some differing trends; the correlation spanning the widest range has been implemented in MELCOR, but differing assumptions based on other data sets might be explored in future MELCOR analyses.
The density, specific heat, sound speed, and vapor pressure reference correlations are used to fit an EOS. The six-term Helmholtz potential developed here is shown to reproduce all of these properties accurately over the range of temperatures in which the correlations are valid. This EOS has been used to generate a liquid tin fluid property file which is now available in MELCOR for fusion.
What few data were available for hydrogen solubility and diffusivity have also been summarized. Perhaps not surprisingly given recent experience with other liquid metals such as lead-lithium eutectic, the three solubility data sets differ by as much as several orders of magnitude. One attempt to measure diffusivity did not produce a correlation, in part because the analysis was reliant upon the uncertain solubility data. There has been one recent theoretical estimate of deuterium diffusivity in liquid tin, and this will have to be relied upon in future analyses with the latest version of MELCOR for fusion, which incorporates tritium transport models. The implications of the uncertainty in solubility will be explored in these analyses as well.
